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Abstract
This work is the initial investigation of magnetically assisted statistical assembly
(MASA), a novel silicon I-v integration technique developed at M.I.T. Initially
procedures for processing optoelectronic devices into magnetically sensitive 40 micron
discs were performed and refined. Cobalt palladium thin films were obtained and their
magnetic properties were studied. An initial procedure was developed to easily integrate
these patterned, magnetized films with 60-micron diameter, 5-micron deep recesses. Pill
devices were then integrated into these magnetically attractive recesses.
The studied showed optoelectronic pills with magnetic layers could be
successfully produced and collected. Assembly using these pills was performed and
showed improved recess filling yields over the non-magnetic assembly, though more
investigation needs to be done. MASA was shown to offer promise as a viable and
promising technique for mixed device integration.
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Title: Professor of Electrical Engineering
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Chapter 1
Introduction
1.1 Motivation for Optoelectronic Integration
There are many different semiconductor material systems used in industry. Many
of these semiconductors have specific traits, which make them very attractive for specific
device applications. Currently silicon (Si) is the most commonly used semiconductor in
industry and has become the standard for most integrated circuit applications.
Si has many advantages over other semiconductors in the field of integrated
circuitry. Silicon's use as an industry standard and the refinements that come as a result
is a major advantage in itself. However there are inherent advantages to Si, one of which
is the ability to easily grow high purity silicon dioxide (Si0 2) suitable for gate oxide of
MOSFET transistors, the basic building block for most integrated circuits (ICs). Many
techniques are used to deposit silicon dioxide but a high purity stochiometric native oxide
is an essential ingredient of high performance transistor gates. In contrast, high purity
native oxides are not easily grown on III-V semiconductors such as gallium arsinide
(GaAs).
Another distinct Si advantage is the ability to produce complementary metal-
oxide semiconductor (CMOS) technology. In CMOS, both P and N type transistors are
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used in complementary circuitry preventing static power dissipation. Such circuitry is
not available for fII-Vs. ICs using materials such as GaAs primarily use only n-type
transistors creating heat dissipation and power consumption problems. Though GaAs has
higher electron mobility, enabling a higher potential operating speed, power consumption
problems will limit this material's applications in electronic integrated circuits. Even if
complementary circuitry were available for materials such as GaAs, there would be little
impetus for a change from Si. The hole mobility of most semiconductors are quite
similar and since the slowest transistor limits the speed of the circuit, any advantage from
higher electron mobilities in certain semiconductors will have limited effect on the
circuit's performance.
For integrated circuit applications Si CMOS clearly holds a large advantage over
all I-V IC technologies, however the optoelectronic properties of Si do not compare to
those of many HI-V materials. Due to the silicon's electronic energy dispersion relation
radiative transitions are poor at best. Si has an indirect band gap requiring a large
momentum transfer for any band-to-band energy transition to occur. In order for photons
to be absorbed or emitted phonon transitions are needed. Phonon transitions are
inherently slow processes and because of this they limit the efficiency of radiative
devices, i.e. light emitting and laser diodes. Many III-V materials are direct band gap,
making them ideal for photon emission and absorption. Tuning of elemental composition
in HI-V materials adjusts the energy band of the material providing a large amount of
flexibility in these systems. This material composition tuning is most easily and often
done using Molecular Beam Epitaxy (MBE).
1.2 Integration and Obstacles
The integration of Si and II-V semiconductors has been sought for a long time.
Such heterogeneous integration would allow for cheap, low power ICs driving efficient
optical devices. Many integration techniques have been attempted including direct MBE
growth on Si IC substrates. There are two main issues with this technique and others like
it. Crystallographic lattice parameter mismatch is one of these problems. Although Ill-V
semiconductors and silicon both have zinc blende crystal structures, the length of their
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unit cell differs creating stresses in the grown crystal and ultimately producing defects in
the grown material. Such defects limit the quality of devices produced. This problem
can be over-come with different techniques. However, the thermal expansion coefficient
mismatch between these materials compounds the problem and has become the main
obstacle in I-V Si integration [1]. The difference between the thermal expansion
coefficient of GaAs and Si for example is more than 4 - 10-6C-. For six-inch wafers, a
temperature increase of 100 degrees Celsius would result in a difference in diameters of
70 microns. Growth of III-V materials using MBE techniques is usually done at
temperatures well above 5500 C. Though low stress material can be grown on Si at these
temperatures, when the sample is cooled to room temperature the difference in thermal
expansion coefficients produces defects in the grown material. Even if quality II-v
material can be integrated onto a Si substrate further processing must be limited to low
temperatures in order to prevent stresses in the material.
1.3 Integration Techniques
In order to produce usable optical devices, a procedure is needed to put relatively
stress free I-V heterostructures onto silicon substrates. Multiple integration techniques
have been developed each with their limitation. The following are a few of these
techniques
1.3.1 Epitaxy on Silicon
This involves growth of III-V material directly on silicon substrates. Most of the
work exploring epitaxy on silicon was done back in the 80's [2]. As expected the
material mismatch produces lower quality material. Growing material on fully integrated
silicon circuitry also imposes constraints. The growth temperature has to be limited in
order to prevent affecting the metal interconnects and the doping profiles of the devices
[3]. There has been success with using low growth temperatures and intermediate layers
between the silicon substrate and grown material. However, the film quality is still not as
good as conventional growth.
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1.3.2 Flip Chip
Flip chip bonding is a way to closely connect two independent chips [4]. The
chips are made separately allowing for CMOS circuitry on one chip and optoelectronic
devices on the other. Solder bumps are placed on the contact pads of these chips for
interconnection. The chips are aligned and sandwiched together with the solder bumps in
contact with the adjacent chip. The solder is then heated to make proper contact. In
practice each chip must be align and bonded separately, as opposed to wafer scale
integration. In order to expose the optoelectronic devices, the back of the optoelectronic
substrate must be back etched down to the devices.
1.3.3 Wafer Bonding
Wafer bonding integrates two independent pre-processed wafers [5]. Instead of
bonding through metal pads as with flip chip, wafer bonding attaches the two wafers by
chemically bonding their surfaces. The bond could be a Si-to-Si surface bond or an
oxide-to-oxide bond. After bonding, vias can be etched and metal deposited in order to
electrically connect the two substrates. This process allows integration of full wafers.
Alignment is still necessary and wafer sizes are restricted to those of common III-Vs
substrates. A good control of surface quality, and roughness is needed for surface
bonding to occur.
1.3.4 Aligned Pillar Bonding
One technique to produce relatively stress free integration is aligned pillar
bonding [1]. Optoelectronic material is grown on a native substrate, allowing for the use
of optimal growth temperatures without problems associated with final cooling of the
material seen with epitaxy on silicon. The optical device material is etched into pillars
while the silicon substrates have holes etch into the circuitry where the Ill-V devices are
to be placed. These pillars are aligned to the recesses and the pillars are bonded into
place on the silicon wafer. The optoelectronic substrate is then etched off to produce a
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silicon IC with HI-V optical components. Due to direct wafer-to-wafer bonding, a lot of
growth material is wasted. This technique also requires both wafers to be the same size.
1.3.5 Assembly
Assembly takes aligned pillar bonding one step further by removing the manual
alignment step. In contrast to aligned pillar bonding however, the integrated opto-
electronic material is fully removed from its native substrate before integration.
Assembly involves integrating small pieces of processed material onto a substrate. The
size of these pieces prevents stress from building up during heating, allowing higher
temperature processing. In order for such a technique to be practical thousands of these
pieces must be integrated on a wafer, preventing the use of individual piece alignment.
There are various techniques for integrating these pieces (whose widths can range from
millimeter to microns). In most assembly techniques pieces are moved in solution over
the target wafer where they fall into recesses. Recesses can be patterned wherever device
structures are needed. Specifics of a few assembly techniques will be described in
Chapter 2.
This thesis investigates magnetically assisted statistical assembly (MASA), a
novel assembly technique that uses a magnetic field to secure assembled material in
recesses. MASA is a technique that was developed at M.I.T. [6] and has the potential to
allow for greater control over the small pieces of optoelectronic material being integrated.
Chapter 2 will describe MASA and the theory behind it in detail. All laboratory work in
this thesis will be done in collaboration with Joe Rumpler (M.I.T. masters graduate
student) under the supervision of Clifton Fonstad (M.I.T. Professor of Electrical
Engineering).
1.4 Thesis Outline
This thesis is the initial work in the development of magnetically assisted
statistical assembly (MASA). Chapter 2 describes the different assembly techniques and
analyzes the theory behind MASA. It also reviews specifics of this initial study. Chapter
18
3 describes the production of optoelectronic device pills being integrated on silicon
substrates. The chapter discusses the process development and final results. Chapter 4
discusses substrate preparation and properties, while Chapter 5 discusses the assembly
trials. Chapter 6 concludes with a critique of the work done and discusses the need for
future work.
19
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Chapter 2
Assembly Techniques
2.1 Assembly Advantages
There are a lot of similarities between aligned pillar bonding and assembly
techniques. Both processes integrate small area devices free of their original substrate.
These small device areas prevent large stresses during heating, allowing for high
temperature post processing. Both integration techniques use native substrates to grow
III-V materials. Though aligned pillar bonding [1] is a proven way to integrate Si and
III-V devices, the technique is cumbersome and wasteful. Large areas of the grown
material remain unused and separate alignments are needed for each kind of
optoelectronic device added to the Si IC. A technique that makes more efficient use of
the material, and that avoids the aligning process would be a lot more feasible. Assembly
techniques have been used to address these problems. Before the integrated devices are
attached to the Si-IC wafer they are etched free from their original host wafer, producing
small devices that can be placed in the appropriate hole on the Si substrate.
These devices are small enough to avoid any thermal expansion problems. This is
important when integrating, even after device growth. Further high temperature
processing can be performed without inducing stress and finally defects in the device.
Also the independence between the substrates of the two sets of materials allows the use
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of standard wafer sizes. This is not true with aligned pillar bonding and wafer bonding
techniques in which a II-V substrate must be the same size as that of Si for example. In
order for assembly to be a solution it must be done without resorting to individual device
alignment, enabling parallel assembly. Aligning thousands of devices one by one will
not be practical.
2.2 Assembly Techniques
Assembly is a relatively new integration process. Fluidic self-assembly was first
investigated in the mid 90's with other similar techniques following. As stated earlier,
assembly usually involves placement of small devices into recess using the flow of fluid.
Most of the different assembly techniques take this basic concept and improve recess-
filling probabilities. They do this by introducing attractive forces between the recess and
the assembled pieces.
2.2.1 Fluidic Self-Assembly
Fluidic self-assembly (FSA) uses the flow of solution along the surface of the
substrate to place individual devices into specific holes on the Si substrate. A
recirculating pump is sometimes used to flow the solution and the devices back over the
substrate. Both the pills and holes are etched into trapezoids, allowing these devices to
align by sliding to the bottom of the holes. This technique has been used for a variety of
applications from placing millimeter size chips to 40 micron wide optical devices.
InGaAs VCSELs have been successfully integrated using FSA [7]. Close to 100% of the
holes are filled using this technique with devices larger than 150 microns in width,
however this yield gets remarkably worse when used with smaller devices [8,9].
2.2.2 Electric Field Directed Assembly
Electric field directed assembly (EFDA) has been used to improve assembly
yields for small devices [10]. In this technique solution flows to the unoccupied holes
using electroosmosis. The holes are negatively biased using contacts on the substrate
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while an anode is place in solution. A voltage differential across a charged solution
produces the required flow. The devices are dragged along the surface of the substrate
to negatively biased holes. Once all holes are filled the solution surrounding is removed.
The substrate is then heated to fuse the contacts between the substrate and the placed
device. 20 micron InGaAS LEDs have been integrated using this technique. EDFA
requires separate biasing lines added to the circuitry for the purpose of assembly creating
added circuit complexity.
2.2.3 Magnetically Assisted Statistical Assembly (MASA)[1,11]
7. k
Ii f
Figure 2-1 Schematic of the MASA process. The magnetically susceptible material on the
bottom of the pills is attracted to the bottom of the SiO2 recesses by the field of the magnetic
stripes
Magnetically assisted statistical assembly, or MASA for short, is a technique
similar to the above self-assembly techniques but provides better scaling and retention
properties. In this technique, illustrated in Figure 2-1, individual optical devices are
etched into cylinders, or "pills". These pills will be processed with a soft magnetic film
on the bottom of the device. Holes are etched into the target substrate. The pills will
eventually be placed in these holes. At the bottom of these wells, strips of a high
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coercivity magnetic layer will be placed. This layer will create an exponentially varying
short-range field that will attract the soft magnetic pill layer and thus attach and retain the
entire pill in these wells [1]. During the assembly process, a high density of pills is
introduced to the surface of the substrate producing a high probability of each hole being
filled. In order to ensure this pill density, the pills out-number the holes by several orders
of magnitude. Upside down pills do not have the same attractive force as those right side
up, enabling proper orientation.
Once the pills are in place, the soft magnetic metal layer acts as a contact to the
backside of the device. A polymer fills the residual empty area of the well. Once filled,
the substrate can be processed normally. After assembly, processing is much like that of
aligned pillar bonding [1, 11].
GaAs si 1010 3.5 micron
AL&Ga 7As si 1018 3 miron
GaAs belIO0"b n
Al Ga 7As be 1016 J micron
GaAs be 10115 .66 micron
A As be 10 5 A micron
p-type substrate
Figure 2-2 Schematic of the diode material grown for the first runs of MASA. The AlAs acts as
the selective etch layer for freeing the pills from the substrate (not drawn to scale).
Pill devices are not restricted to one particular device or material. This technique
has the potential to be used with a wide variety of devices including optoelectronics,
heterostructure electronics, and even MEMS devices. In this preliminary trial the focus
will be on an MBE grown GaAs/AlGaAs LED structure. One such structure is seen in
Figure 2-2. The LED is grown up side down on a p-type substrate. There is a thin AlAs
undercut layer grown first. Above this AlAs layer the LED heterostructure is grown.
There is an AlGaAs confining region on either side of the p-type GaAs active region.
The p type regions are doped with beryllium at a concentration of 1018 per cm 3, while the
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n type regions are doped with silicon at 1018 per cm3. Once this material is grown, a
metal layer is deposited and patterned into circles. This layer will be the magnetic layer,
and a contact layer. Throughout the processing, pills can be characterized to ensure
viable optoelectronic material is being integrated.
2.3 Advantages of MASA [1,11]
There are several integration advantages that make MASA an interesting
alternative to current techniques.
1. Cylindrical pills are highly symmetric and can be produced in many material
systems.
2. The short range magnetic field produces an attracting and retaining force
during assembly, enabling a higher yield of filled wells when compared to
fluidic assembly
3. Normal device patterning and processing can be done after the pills are in
place, making the process pseudo-monolithic.
4. The heights of the pills are made co-planar with that of the surrounding
surface of the substrate, allowing for further high resolution photolithographic
processing.
5. Assembly can be used to place pill devices above existing substrate devices,
allowing for 3-D circuit capability.
6. MASA can be repeated, allowing for the integration of multiple device types.
7. These pill materials can be tested prior to integration, ensuring the placement
of working devices.
8. The process is compatible with full-wafer technology and can be done with
multiple wafers at a time, achieving economics of scale similar to monolithic
integration.
9. Substrate wafer size is not limited by the wafer size common to pill material,
allowing the use of standard wafer sizes.
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10. Pills are etched out in a close packed array, ensuring efficient use of grown
material.
11. Pill material can be grown under optimum conditions.
2.4 MASA Theory
Previously calculations were done to determine the forces associated with the
magnetic field produced during magnetic assembly [6]. The following is the simplified
equation relating the force per area to the parameters of the pills and the magnetic
substrate.
F p oM S ;t -2 t2 I4 L
F~.' M 2 (1L-)e YeAiL x
sinh(2,t)/ L
sinh 27t3 IL +n U3+ go
L P -- Ap)
t3
1j
Figure 2-3 Schematic and the derived equation relating the retention force of MASA to the
parameters of the. In the above equation t1 is the thickness of the hard magnetic material, t2 is the
distance between the recess bottom and the magnetic thin film on the pill, and t3 is the thickness
of the magnetic thin film on the pill. M, is the magnetic saturation of the recess material.
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The formula given in Figure 2-3 analyzes the magnetic attractive force of a
striped pattern. The formula can be broken down into four parts. The first term is
dependent on the magnetic saturation of the permanent magnet. The second term shows
the dependence on the ratio of magnetic film thickness and its lithography period. The
third term shows the exponential decreasing force with distance between substrate and
pill. The final term shows its dependence on Ni film thickness. From the above
expression we see the feasibility of the proposed assembly and determine reasonable
parameters for our assembly system.
In the initial trials of this assembly the height of the well will be around 5 microns
with a width of around 40 microns. These parameters mainly effect the period of our
permanent magnet layer. The magnetic attractive force exponentially decays with
distance from the bottom of the recess. Since the purpose of this field is to retain pills in
the recess, the field should be strong within a micron of the recess bottom. The period
should be about the height of the recess or larger. The derivation assumes the period L is
much smaller than the width of the recess, thus if larger period were to be used the
resulting force would be smaller than the above equation predicts. A five-micron period
was decided upon in these studies.
The pattern analyzed was used to simplify the analysis, however many different
patterns might be used. Different patterns could offer advantages in attractive forces or
alignment. However this stripe pattern simplifies processing and allows us to study the
feasibility of this assembly technique.
2.5 Research Objectives
The goal of this research was to study the feasibility of magnetically assisted
statistical assembly. It has been shown that statistical assembly is a practical technique,
however it has limitations. The goal was (and remains) to produce a technique that
allows for the integration of devices on the micron scale but prevent added circuit
complexity seen in the electric field directed assembly. This initial study investigated the
basic techniques needed to make MASA a viable integration alternative.
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Multiple aspects of MASA were studied in this initial work. The development
and refinement of the integrated heterostructure device was done. Both the magnetic and
electronic properties of these pills were studied and refined. Procedures were developed
for the production and final collection of these devices. The magnetic Si substrate was
studied. The materials and patterns used to produce our magnetic substrate were
analyzed. An initial procedure was developed to incorporate recesses onto these
substrates for our pill devices to lie. A study of the final assembly of the two systems
was done to see weather our pills actually fell and stick into the substrate. This work is
the first step in the final goal of a fully integrated system in which Si circuitry and I-V
heterostructures are fully integrated on one substrate using MASA.
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Chapter 3
Pill Production
3.1 Procedure
The first objective in this project was to produce optoelectronic material and
process it into individual devices that can be integrated using MASA. There are several
properties these individual devices require for assembly to work. Most of the work for
this initial study was directed at developing a process to produce these devices or " pills"
with the properties needed.
These small optoelectronic devices will be assembled into recesses on a Si
substrate and held in place by magnetic forces. These pills will be cylindrical in shape so
that they can fall into these recesses without concern for their radial orientation. As
discussed in Chapter 2, the recesses will have a magnetic field within them. In order for
the magnetic field to attract the pills, a magnetically susceptible material must be put on
the bottom of the pills. This layer must also provide a base contact for our optoelectronic
device. The metal layer is then patterned into circles and the optoelectronic material is
etched into pillars.
Once the optoelectronic material is etched, the pillars must be removed from their
host substrate. A layer is grown into the device heterostructure that can be removed
using a selective etch, thus freeing the devices from the host substrate. The entire process
is illustrated schematically in Figure 3-1.
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3.1 Device growth (a)
b
nnnnnnnnn 
C 3.2 Circle patterning (b,c)
d
3.2 Metal etch (d-+ e)
e
3.3 Pillar etch (e--f)
f
3.4 Selective undercut etch (f--*g)
3.4 Pill collection (g-*h)
Figure 3-1 A schematic depicting the basic processing needed to obtain pill devices. Once
processed the pills will be ready for assembly.
3.2 Optoelectronic Device Growth
The heterostructures for the optoelectronic devices will be produced using
molecular beam epitaxy (MBE). MBE growth is a technique that produces III-V
heterostructures with precisely controllable layer thicknesses. A GaAs / AlGaAs
heterostructure was used to produce the initial LED devices. To etch these pill devices
free from the substrate, a pure AlAs sacrificial layer is grown between the device and the
substrate. Diluted hydrofluoric acid (HF) is used to selectively etch the AlAs layer and
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free the grown heterostructure material from the host substrate. Figure 3-2 shows the
LED heterostructure used in this initial study.
GaAs si 1011 3-5 micron
AlGa As si 108 3 Micron
GaAs be IO" 66 micron
ALGas As be 1010 .7 micron
GaAs be 105 .05 micron
AIAs be 100 .1 micron
p-type substrate
Figure 3-2 Schematic of the diode material grown for the first runs of MASA. The AlAs acts as
the selective etch layer for freeing the pills from the substrate.
The growth material was grown by Henry Choy (M.I.T. Ph.D. student). These
structures were grown under optimal conditions. P-type GaAs was used as the growth
substrate for the heterostructure devices. These devices are grown at optimal
temperature, at a few degrees below the native oxide desorption temperature. The
magnetic material will be placed on top of the growth, defining the orientation of the
device. During assembly it is this side of the pill that will be attracted to the silicon
substrate. Due to this orientation the device is grown up side down. In this case the p-
type side of the device will be exposed after assembly and contacted in later processing.
Device characteristics can be analyzed once suitable contacts are made. This also allows
for material testing prior to assembly.
3.3 Metal Deposition and Patterning
For the assembly to work, a magnetically susceptible metal must be integrated on
the optoelectronic device. This material will interact with the magnetic field within the
recesses, providing a retaining force for the pills. Secondly, this metal layer must provide
a contact to the Si circuitry. There are multiple ways to deposit metals, each with their
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benefits and their drawbacks. Multiple deposition techniques were attempted in this
initial study. The following paragraphs describe the deposition methods used and the
material results obtained from the trials.
3.3.1 Thermal Evaperation
Thermal evaporation is a very simple technique in which a sample is first placed
in vacuum. Deposition metals are in containers called "boats" that resistively heat the
target metals. The deposition metals melt and evaporate. These metals then condense on
cold surfaces within the vacuum chamber, the sample being one of them.
The deposition amount and rate of evaporation is very dependent on the power the
evaporator can supply, the boats themselves, and the material being deposited. Due to
different melting and sublimations points of materials it is very difficult to deposit
alloyed materials.
Attempts at evaporating Ni films were unsuccessful. The boats were unable to
evaporate enough Ni to obtain the thickness desired. The magnetic force calculations
shown in Chapter 2 lead to a Ni thickness target of 300 nanometers, but thermal
evaporation limited the thickness to hundreds of angstroms. Though gold layers were
easily evaporated, the restrictions placed on Ni thickness and the inability to deposit
permalloys precluded the use of thermal evaporation.
3.3.2 E-beam Evaporation
E-beam evaporation is very similar to thermal evaporation. Evaporation is done
under vacuum and involves heating a source such that the target metal evaporates and
finally condenses on the target sample. Instead of resistive heating however, an electron
beam is directed at the target material to produce thermal energy. The energy of the
electron-target collision heats the target metal to the evaporation temperature. The e-
beam allows power to be concentrated on a specific area of the target element, easily
delivering the power needed to evaporate many materials. This technique also allows for
a large amount of target material to be placed in vacuum, providing enough material for
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thick films to be grown. Since E-beam depends on the evaporation temperature of a
material, alloy materials are not easily deposited.
E-beam evaporation was attempted in early work. Gold is commonly deposited
using e-beam and a layer was easily obtained. However Ni deposition was problematic
in practice. The crucible, which holds the target metal, would crack during deposition
rendering it all but useless after one run. The deposition was also hard to control. Initial
heating produced liquid Ni spraying, due to air gaps within the Ni source. After letting
the source reach equilibrium, non-uniform deposition still occurred. The Ni splattering
also affected the crystal thickness monitor rendering it useless, preventing accurate film
thickness measurements during growth. E-beam evaporation could not be used in the
process.
3.3.3 Sputtering
Sputtering is a technique in which an RF plasma is used to bombard the target
material. Material is released from the target and forms on a cool surface. Once again
this technique is done under vacuum. Both reactive and non-reactive gases are used in
the RF plasma, however our sputtering trials were done using non-reactive argon plasma.
A large film thickness can be deposited using this technique and it was found the
deposition rates could be quite high. Sputtering is also able to deposit alloy materials
making it ideal for depositing many magnetic materials.
Due to the high temperatures associated with the plasma deposition and the
conformal nature of the deposited films, lift off is not a patterning option. Photo-resist
that is on the substrate gets totally coated or even baked off. These high temperatures
may also impact the substrate material and create undesired Ni substrate interactions.
The Ni films resulting from this technique were thick enough and quite uniform.
However the quality seemed quite dependent on the power at which the sputtering
occurred. Deposition was also quite dependent on the pressure of the chamber during
pump down. In the first few sputtering trials, little attention was paid to the pressure.
However it became a concern that high pressures negatively influenced the Ni wet etch.
Figure 3-3 documents the etch problems associated with the samples deposited at
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relatively high pressures. There were also problems tuning the argon plasma during runs
with high pressure. During such a run, the reflected power could only be minimized, not
eliminated. No visible Ni film was produced from these runs. Sputtering is quite
dependent on the type of film however; gold depositions at the same high pressures were
not affected by the chamber conditions.
a b
c
Figure 3-3 Ni deposition with pump down to above 2.5 x10-6. A Ni etch in nitric peroxide was
performed after photolithography. The Ni etch was quite uneven producing the circular pattern
seen in pictures (a) and (b). A GaAs etch was performed after the initial Ni etch and resulted in
the pattern seen in (c).
Sputtered Ni deposition became a large component of our processing. After
pressure became a concern, the deposition chamber was pumped down below 1.4 10-6
torr prior to argon flow. During deposition 50 sccms of argon were used and an RF
power of 300 watts was maintained throughout deposition. A deposition rate of 15
nanometers per minute was seen under these conditions. Later stages of metal deposition
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included Au layers between Ni layers. The sputtering system allows for up to three
different targets under vacuum at once. The sputtering conditions for Au were much the
same as for Ni. 50 sccms of argon were used but only 250 watts of RF power were
needed. A deposition rate of 25 nanometers per minute was seen for the gold layer. The
films obtained using sputtering were very even and controllable. However in order to use
sputtered material in this process, a well controlled patterning step was needed
3.3.4 Electroplating
Electroplating can also be used for metal deposition. Electroplating is a process
in which a chemical reaction is utilized to drive metal from a solution onto a target
substrate. An electrical current drives this chemical reaction. No vacuum is needed,
however the surface of the target substrate must be conductive in order to produce a
uniform thickness across the substrate. Both Ni and gold films were deposited using this
technique.
3.3.5 Metal Patterning
The mask used to create our pills has three 80X 80 arrays of light field circles.
Each different array has a circle size of 35, 40, or 45 microns in diameter. The spacing
between pills is small, in order to maximize material use. Each pill is separated center to
center by 65 microns.
The patterning of the metal layer is a very important component in creating our
pills. When considering which particular metal deposition technique to use, one must
keep in mind which patterning technique can be used with each metal deposition process.
The available patterning techniques included wet etch, dry etch, lift off, electroplating,
and ion milling.
A distinct advantage of electroplating is in patterning itself. After patterning
photo-resist into circular openings, electroplating deposits metal solely in the open holes.
Neither a metal etch step nor a lift off step is needed and the resulting metal pattern is
without fault. The metal layer was found not to be a good etch stop for GaAs etches as
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described in the next section. A photo-resist cover, and thus a second aligned lithography
step was needed for the electroplated material. However a single patterning step was
preferred, due to the inherent inaccuracy in alignment.
For E-beam and thermal evaporation lift-off is an option. In this technique metal
is deposited on a pre-patterned substrate. The photo-resist is then removed after
deposition, leaving only the metal that was deposited on bare substrate. This technique
does not result in very clean patterns and thus is not ideal patterning step. Lift off also
requires a second alignment step for metal protection. Since neither e-beam nor thermal
provided the metal layers needed, lift off could not be used.
When using a metal wet etch to pattern, a metal layer is first deposited over all of
the substrate and then circles of photo-resist are pattem on the metal. A wet etch is then
performed to remove metal not covered by the photo-resist. Once the bare GaAs is
reached, the GaAs etch can be performed. The photo-resist is left on top of the metal,
protecting it from the next etch and the final undercut etch. Only one lithography step is
required.
Due to the polarity of the mask set, image reversal was done to obtain photo-resist
circles for the Ni and GaAs etches. It was found that the photo-resist profile, shown in
Figure 3-4, was not suited for the Ni wet etches. The sidewalls seemed to promote
undercutting. The Ni underneath the photo-resist edges would be fully etched before the
open areas would be cleared, resulting in small, ragged Ni patterns, as shown in Figure3-
5.
a b
Figure 3-4 Schematic of the resist profiles: (a) the resist profile of positive resist; (b) the resulting
profile when using an image reversal technique.
While etching 0.3 microns of Ni with this wet etch, using image reversal photo as
an etch stop, the undercut could be from 5 to 10 microns. When using positive resist,
reasonable and manageable undercuts were seen. It became obvious that a change to
positive resist needed to be made. A new mask was consequently made using image
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reversal photo-resist, producing a dark field array of circles. Positive thick photo-resist
could then be used for Ni etching.
Figure 3-5 (a) The resulting Ni undercut when image reversal photo-resist is used as a mask. (b)
The resulting Ni film when positive photo-resist is used. There is little difference between the
shape of the pill and the Ni layer on top of it when using positive photo-resist.
Ion milling is an alternative etching mechanism, though only explored late in the
work. In this technique the sample is bombarded with ions and the material on the
surface gets sputtered off. This process is very directional, and thus is a good alternative
to wet etching. The sputter used in deposition was configured such that a sputter etch
could occur. One problem with ion milling is the impact on the photo-resist mask. The
ions can in some cases etch the photo-resist more quickly than it etches the films.
Sputtered films were the preferred deposition technique. The quality of the film
seemed better than films obtained using electroplating. Due to this, if either wet etching
or ion milling proved to be an effective patterning technique, sputtering would be used.
37
3.3.5.1 Metal Patterning Results
a). Electroplated Metal deposition Patterning
To avoid the problems with e-beamed Ni, electroplating was tried. There were
several unknowns associated with this process. Would the GaAs substrate provide a
good enough conductance to obtain a Ni Film? Secondly, could photo-resist be used to
pattern the deposited metal? Good results were seen and gold was also electroplated with
Ni, in the hopes of improving the contact resistance of the metal pill interface. The
photo-resist acted as an insulator preventing any metal being electroplated on or under
the photo-resist, producing a very effective lithography technique. Metal deposition was
very dependent on the contact made to the substrate however. A portion of the substrate
had to be cleaned of photo-resist to obtain a good contact for electroplating.
Though the electroplating patterning technique was quite effective, a photo-resist
cover was still required. In order to avoid this second patterning step, wet etch of the
electroplated metal was tried. Gold and Ni was electroplated on the substrate without any
photo-resist. Photo-resist was then spun and patterned on top of the metal. HMDS was
used to help stick the photo-resist to the metal.
Ni etch was used to remove the exposed metal layer down to the gold layer. The
etch was highly non-uniform and seemed to depend on the distance from the electro-
plating contact. Areas closer to the contact were quickly removed, but the further away,
the more the Ni remained. It seemed that it was the quality of the Ni rather than the
thickness of the Ni that created this effect. By the time the edge was fully etched, other
regions of the substrate would have under-cut photo-resist etch stops. Sputtered Ni
would guarantee a uniform Ni Layer and might alleviate the problems seen in the
electroplated Ni etch step. However, the Ni wet etch was the main problem. The Ni etch
severely undercut the photo-resist, frequently completely etching the metal underneath
the photo-resist, while etching the bare Ni very little. The Ni film and the etchants used
needed to be studied thoroughly to solve these questions.
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b). Sputtered Ni Etch
There are two main options available in Ni patterning, wet etch and ion milling.
The simplest option is a wet etch. However it was found the Ni wet etch varied quite a
lot from day to day. There were many factors that might contribute to this variability,
which needed to be identified and fixed.
The sputtered Ni at one point became quite hard to etch, and there was a concern
it was a problem with the film itself. As stated in Section 3.2.3, it was noticed that these
films were grown at relatively high base pressures for the sputterer. Films were grown at
lower pressures (1.2 10-- and then etched with no further processing. Since it was found
these films were etched fully, careful attention to the pressure made the sputtering
process viable. There was some concern that the heat of the deposition might have some
adverse effects on the grown material and a few deposition runs were done at using
lowered RF powers. Little deposition success was seen at these powers and it was
determined the high power films were usable due to the complete etch of the Ni.
There were still undercut issues that remained during processing.
The Ni protected by the photo-resist etched faster and cleaner than that of the exposed Ni.
a b
Figure 3-6 Pictures of a Ni etch with image reversal masking: (a) Complete undercutting of the
photo-resist with little etching of the surrounding areas. (b) Ghost images of photo-resist circles
that fell of during development after etching.
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Figure 3-6 shows pictures from a sample in which some photo-resist circles fell
off the substrate during development. The pictures were taken after a few minutes of Ni
wet etch. One result was the complete undercut of some photo-resist circles leaving bare
substrate circles surrounded by Ni film. After examining a little more closely it was quite
obvious that there was a difference between how the Ni was being etched. Even if the
photo circles fell off during development and never made it to the etch, there was some
memory of where they once were resist in the etch. These are the resulting ghost patterns
seen in Figure 3-6 (b). A procedure was needed to limit, if not solve, this undercut
problem if Ni etching was to be used.
Surface wetting was seen as one possible problem. In order to resolve this, a
circulating current was used. It was found that a stirrer (running at about 300 rpm) did
improve the etch results dramatically. The grainy residue was no longer seen and the Ni
etch was quicker. Under-cutting still occurred, but due to reduced etch times it was less
of a concern. A typical result is shown in Figure 3-7.
Figure 3-7 Picture of improved undercut characteristics after introducing a flow during etch for
improved wetting.
Even after this etch, residual Ni remained and undercutting prevented a longer
etch. A sputtered gold layer was placed between the Ni and the substrate, allowing for
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better resolution between the remaining Ni and gold layer. The gold layer also could
provide a better contact to the pill if needed.
After the dark field circle mask was made, thick positive photo-resist could be
used. The reduced undercut allowed for a long Ni etch without loss of Ni. The gold
layer underneath the Ni allowed for a good contrast between materials. The Gold etch
used (GE-8148) does not attack Ni. A thin Ni layer was also placed between the gold and
the semiconductor to promote adhesion between the substrate and metal layers.
It was found, however, that the surface could never be fully cleaned of metals
using the wet etches. This was especially true of Ni, which adheres very well to the
GaAs substrate. The GaAs etch would have to be able etch through a thin layer of metal
in order to successfully obtain a pillar etch if this wet etch was used.
c). Ion milling
Problems with the residue after wet etch promoted investigation into ion milling.
The same sputterer that was used to deposit film was recently rewired such that it could
also sputter-clean the samples' surfaces. The residue left by the wet etch could easily be
removed with ion milling, as Figure 3-8 shows. A flow of 50 sccms of argon was used
with an RF plasma power of 200 watts. After a ten-minute etch, the surface was cleaned;
even etching a bit of growth material. More importantly, the photo-resist was still intact.
Thicker films were also removed. A 20 minute etch was able to remove more than 200
nm of gold. Significantly, wet etch can be avoided completely if ion milling is used as
the patterning step.
Ion milling at 200 watts baked the photo-resist, preventing easy removal. The
metal films that were protected by the photo-resist also seemed a little stressed, as shown
in Figure 3-9. Then argon plasma power was reduced to prevent these affects: 320
nanometers of Ni was etched first with a 10 minute 100 watt plasma, then a 15 minute
150 watt plasma, and after it was determined not all Ni was removed a final 4 minute 150
watt etch was used. These parameters allowed for a full etch of the Ni film with no wet
etch, while reducing the stresses on the thin films. The photo-resist was removed using
micro-strip at 850 Celsius stirred at 650 rpms.
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Figure 3-8 (a) A substrate after the metal wet etch. (b) The same substrate after an argon sputter.
The surface is a little rough but completely clean of metal.
Figure 3-9 The stressed film resulting from a 200-watt argon sputtering trial.
It was determined ion milling was the best patterning solution. Ion milling was a
very simple processing step, compared to a wet etch, and the surface was much cleaner.
Since ion milling was a success, it as was determined that sputtering was the optimal
deposition technique.
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3.4 GaAs /AIGaAs Pillar Etch
A GaAs etch is needed to remove bare growth material down to the AlAs
sacrificial layer. Directionality is not a huge issue due to the dimensions of our pills. A
five-micron undercut is not a large problem. Trials were done using both wet and dry
etches however.
3.4.1 GaAs Wet Etch
At first, the electroplated gold and Ni layers were to be used as a mask for the
GaAs wet etch. 10:1:1 water:H 20 2:H2PO4 was used to etch the pillars, but resulted in a
non-uniform etch. The etch managed to under cut the 45 micron diameter metal mask
before even etching down 5 microns to the AlAs under-cut layer. This could have
occurred due to a preferential etch along the surface of the substrate. However, it is more
likely that the electroplated metal layer was too porous to mask with. It was determined
that the best solution would be to use a directional RIE etch.
3.4.2 RIE GaAs Etch
The first attempts at a reactive ion etch (RIE) used BCL3 with an RF power of 250
watts and a flow rate of 12 sccms at a pressure of 10 mtorr. The masking layer was again
the electroplated Ni and Gold. Both metals were tried as a mask cap layer, but neither
preformed very well. To etch down 5 microns of material an hour of RIE etch was
needed and neither metal lasted that long. The Ni seemed to sputter off the pill caps onto
the GaAs substrate, masking little areas and producing rods of unetched materials. A
purple film was produced when gold was used as the etch stop. Figure 3-9 shows some
scanning electron microscope (SEM) pictures of the RIE with a Ni cap layer. The
resulting GaAs towers in the etched well were due to Ni sputtering. They weren't
considered much of an issue however. These towers might have slowed the undercutting
wet etch but the main concern was the loss of Ni film on top of the pills.
Photo-resist was tried as a RIE etch mask and clean etches were seen,
though the 2-micron photo-resist was mainly gone after an hour. After electro-plating
gold and Ni layers, photo-resist was placed on top of the metal circle using aligned
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photolithography. The photo-resist edge bead posed a problem in alignment but a
reasonable aligned photo-resist over-lay was produced. There was about a 3 to 5 micron
offset in the patterns, exposing a bit of Ni. The following dry etch was quite clean with
little Ni sputtering from the exposed Ni from.
Figure 3-10 SEM photos of dry etch with Ni masking: (a) Small pillars resulting from micro-
masking of the etched surface. The exposed Ni would sputter and produce small areas protected
from the BC13 RIE etch. (b) Bridges produced by sputtered Ni commonly found connecting two
adjacent pills. Wojciech Giziewicz (M.I.T Ph.D. student) provided the SEM photos.
After the Ni wet etch was developed (see preceding section), a BCl3 plasma etch
could finally be done with the same photo-resist that protected the Ni during the wet etch.
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This eliminated any errors and hassle in re-alignment. The resulting etch was not as
clean as those seen with the Ni electroplating. This was probably due to the residual Ni
on the surface of the bare GaAs. The etch materials had a dark residue similar to those
seen during our metal masking attempts; this is shown in figure 3-11. However the etch
was deep and did not seem to have the unetched pillars seen in the metal mask runs. The
etch rate did suffer from this residue, however.
In order to obtain thicker photo-resist while being restricted to using image
reversal because of the polarity of the first mask set, a second spin was tried. After one
spin, around 1.7 microns of photo-resist was obtained, however this would only last 45
minutes during the plasma etch. In order to be confident about reaching the AlAs
undercut layer a 75 minute etch was needed. A second spun layer of photo-resist did
little to change the thickness. A bake in between the spins was needed to affect the
photo-resist thickness. A five-minute bake between spins yielded a thickness of around
2.9 microns. Using this technique, the photo-resist was able to last through the RIE etch.
However, edge beads become enhanced along with bubbles that appear along the edges.
A third layer might make the photo-resist unusable.
Figure 3-11 The affect of exposed metal during the dry etch. The shinny pills have exposed
metal producing the roughness and blackness seen below them. The dull pills still have photo-
resist. Little residue is seen around them.
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After an inverse of the original mask was made, the thick photo-resist was tall
enough for the GaAs etch pillar etch. The Ni wet etch could also be longer due to the
decrease in undercut seen with the positive photo-resist. The 8 microns of photo-resist
leaves enough room for a long pillar-etch, while leaving plenty of resist on the pill for
further processing.
The black residue seen during the RIE etch became a problem however. The RIE
etch was limited to around 3.5 microns due to the micro masking of the residue. A GaAs
wet etch was used to remove this residue. After one minute of the wet etch, most of the
residue was gone and crystalline GaAs was seen at the bottom of the etch wells, as figure
3-12 illustrates. The surface was rough but could then be etched further using BC13 RIE.
a b
Figure 3-12 (a) The black residue, which is a powder that can be scratched away as seen in the
jagged faint line between pill rows. (b) The exposed GaAs surface after the GaAs etch. The
residue is gone, leaving only non-uniform GaAs crystal.
After further etching, residue would return as seen in Figure 3-13, but once again
the GaAs wet etch is able to remove it. This method of using both wet and dry etches
was used to obtain pills with sputtered material. The dry etch broke through the residual
metal layer, producing the black residue, which could be minimized by the wet etch.
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Figure 3-13 (a) The black residue resulting after a second 45 minute GaAs etch. (b) The residue
free surface, after the GaAs etch.
3.5 Undercut and Pill Collection
Once the growth materials has been etched into pillars and the AlAs layer has
been exposed, the AlAs selective etch can be done. A dilute solution of HF was used to
perform this selective etch. This etch can take a while however, and during this long etch
the quality of the growth material and the Ni must be maintained. Also, after the
undercut etch, the pills must be removed from either the etch solution or the substrate and
placed in a media which will be used during assembly.
The first undercut run used the alignment technique with electroplated metal to
produce the pillars. The photo-resist was not quite thick enough to last the entire reactive
ion etch, however little degradation of the Ni layer was seen after RIE. This sample was
then set in buffered HF with no photo-resist cover. The pills were in BOE for 53 hours to
obtain an undercut of the devices. During this period the HF attacked the Ni top layer,
and only Au was left on top of the pills by the end of the etch. The BOE etched quite
slowly, so a solution of 30% HF was used to accelerate the process. The resulting pills
are shown in Figure 3-14.
Most pills remained in place on the substrate, being held by surface forces.
Therefore it was not necessary to filter the etch solution. Though the pills were held in
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place, pushing with a tweezers could move them. The pills could even be removed using
Scotch® tape. Tape seemed like a reasonable solution, however Scotch® tape did not
dissolve well in acetone. As an alternative to Scotch® tape, white wax was tried as an
adhesive layer on a glass slide. The wax would be easily dissolved by acetone. However
the temperature dependent consistency of the white wax was hard to control and it
became too viscous, coating part of the host substrate. Some pills were transferred to the
glass slide but many more remained on the substrate.
a b
Figure 3-14 Photographs, (a) and (b) taken of the first undercut sample using aligned photo-resist
on electroplated metal. Most of the pills remained on the substrate after undercut. An SEM of
the same sample is seen in (c). Wojciech Giziewicz (M.I.T Ph.D. student) provided the SEM
photos.
Water soluble wave solder tape produced by Scotch@ was tried as a way to
collect pills. The tape is quite thin and clear. The adhesive was able to remove a
significant amount of material off the host substrate. The tape could then be placed is a
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vial with DI water. The water must be heated to 60 Celsius for the tape to fully dissolve.
In the first attempt, one square centimeter of tape was dissolved in around 3 ml of water.
No stirring or agitation was needed. This procedure allows thousands of pills to be stored
in a couple milliliters of solution, ideal for future assembly. Though water might not be
best assembly solution, the proof of concept is there. However, it may be necessary to
find a tape that dissolves in a more suitable assembly solution, or to transfer the pills to
another solution after their removal from the tape.
Figure 3-15 Picture of pills removed from a host substrate by using bonding wax. Only a
fraction of the pills were removed from the substrate.
3.5.1 Ni Etch During Undercut
The Ni on the pills was unprotected during the first undercut etch run and after 52
hours of etch there was no Ni left on the pills. It was thought this problem was due to the
long etch. A second run was done with photo-resist on top of the Ni and using 30% HF
etch solution. After 2 1/2 hours, the pills were undercut but so was the photo-resist
protecting the Ni. There, again, was no Ni left on the pills. A better procedure had to be
found that protected the metal layer better.
There are several promising solutions to this problem but most added complexity
to the procedure. The simplest solutions to this problem is to deposit a second, larger
circle of photo-resist after the Ni / Au wet etches have been done. This would make the
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pill 10 microns in diameter larger than that of the Ni circle, but it prevents exposure of
the Ni during the undercut etch.
Another solution is to use the original procedure up to the dry etch. Then RIE 3/4
of the way to the AlAs layer. The rest of the pillar etch is done using selective GaAs etch
and thus the etch stops at the AlAs layer. Another photo step is done using thick photo-
resist and a larger circle that surrounds the pill. This photolithography step will put resist
all over the sidewalls and the top of the pills. The AlAs undercut step is then done, first
attacking AlAs free of photo-resist on the bottom of the etched well. The AlAs etch then
undercuts the entire pill. The photo-resist protects the Ni and also the heterostructure
from the AlAs etch. The diameter of the Ni film is the same as that of the Pill using this
technique. However the selective GaAs etch has not been used before in this study and
adding that step would be unfeasible due to the time constraints in this initial study.
A third option is to protect the Ni with wax. After the GaAs pillar etch, the
sample is placed faced down on heated wax on a second substrate. The back of the GaAs
substrate is then polished down and selectively etch to the AlAs layer. At that point the
AlAs layer is removed and all of the pills are in the wax with the Ni layer intact. The
pills then can be collected from the wax. The pills are fully protected using this
technique, however the substrate grinding takes a while and there is little experience with
this process.
The first solution was used and worked well, though any Ni that is uncovered got
removed. Figure 3-16 shows the alignment of the photo-resist cover. A second MBE
growth was also done and used in the last of the trials. This growth doubled the AlAs
layer thickness. The purpose was to decrease the time needed for the undercut. The
undercut took less then an hour, which reduced the Ni exposure to HF. After an hour, Ni
remained on the pills. After collection of the pills, the photo-resist cover still has to be
removed. Thus the pills had to be transferred into an acetone solution.
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Figure 3-16 Alignment of photo onto metal circles: (a) Misaligned; ( b) Complete covering of
the metal.
3.6 Final Procedure
As a result of the studies described in the preceding sections, a viable procedure
for pill formation was developed, and it is summarized in Table 3-1 below. Ni sputtered
film was found to have the best properties for the production of pills. A simple 300 nm
Ni layer was deposited. Positive thick photo-resist was spun onto the Ni film in
preparation of the Ni patterning. Wet etch was not very reliable, and required a lot of
diligence; sputter etching was found to be an overall cleaner way of patterning the metal.
In order to prevent Ni undercut the first photo layer was then removed and larger circles
were patterned over the Ni circles using thick photo-resist. The final GaAs etch was two
45-minute BCl3 dry etches with a 30 second GaAs wet etch after each dry etch. Using
this technique, well-shaped pills were obtained. A quality and well-controlled metal
layer was also produced. Specific recipes for each process can be found in the
appendices.
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1. Heterostructure growth
A .2 micron thick AlAs layer was used
2.Ni sputter
350 watts of argon plasma for 22 minutes (300 nm Ni)
3. Thick resist spin and pattern
4. Ion milling
30 minutes of 150 watt argon plasma
5. RIE GaAs etch
45 minute BCl3 etch
6. GaAs wet etch
30 second etch
7. RIE GaAs etch
45 minute BCl3 etch
8. GaAs wet etch
30 second etch
9. HF undercut
< 1 hour of 30% HF
10. Adhesive pill removal
11. Dissolve adhesive & photo-resist
Table 3-1 The final procedure for pill production
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3.7 Pill Characterization
The size and shape of the pills were found to be quite controllable. The pills
produced could be quite circular, though there were some errors in the inverse mask
produced. The geometric dependence of the assembly did not seem to be an issue.
3.7.1 Magnetic Film Characteristics
The magnetic characteristics of the sputtered Ni films can be found through
multiple methods. The following hysteresis loop was obtained using a vibration sample
magnetometer. The measurement was done on an unpatterned sputtered Ni film. It
shows that the Ni film is susceptible to a magnetic field.
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Figure 3-17 Vibration Sample Magnetometer measurement on the Ni thin film performed by Joe
Rumpler. The hysteresis loop is quite characteristic of susceptible magnetic material.
3.7.2 Device Characteristics
Little time was spent on designing a good contact between the metal layers and
the semi-conductor heterostructure. The metal layer was designed for its magnetic
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properties and its ability to stick well to the semiconductor. However, if devices are to be
made out of these pills, the contacts must be reasonable. Initial contact measurements
were done to get an idea of what needs to be done in future work. The measurements
were done on P-type GaAs, which was processed through the GaAs pillar etch along with
a diode run. The contact resistance was measured from the metal layer of one pill
through the semiconductor base to a neighboring pill top. The results showed that the
metal semiconductor interface formed a Shotcky diode. This contact clearly requires
further study.
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Chapter 4
Magnetized Si Substrate Preparation
4.1 Magnetic Substrate
While in future assembly trials the goal will be to have the magnetic layer solely
within the recesses, a simpler processing scheme has been developed for these initial
trials. It is illustrated in Figure 4-1. The magnetic layer was deposited and patterned on a
bare Si substrate. On top of the patterned magnetic layer SiO2 was deposited. Recesses
in this SiO2 layer were etched down to the magnetic layer. This replicates the assembly
circumstances without going through the trouble of metal deposition and patterning
within a 5-micron deep recess.
Figure 4-1 Schematic of magnetic substrate processing. First magnetic material is deposited and
patterned, second SiO 2 is deposited, and third the recesses are etched.
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4.2 Magnetic Layer
Layered cobalt and palladium films are the initial magnetic material used for the
hard magnetic layer. Multiple deposition techniques were tried, in attempts to obtain a
cobalt layer. Initially e-beam evaporation was tried, however there was little success.
Crucible cracking problems were seen and films that were produced mainly flaked off the
substrate. Patterning was also a main concern. Attempts at wet etching, using a photo-
resist mask, were unsuccessful and films for lift-off were not obtained. A common
method of obtaining patterned cobalt is ion milling sputtered material. Fortunately, Dr.
Tow Chong of the Data Storage Institute in Singapore was able to supply patterned cobalt
palladium films. The thin film is actually a series of .3 nm thick cobalt films and .6nm
palladium films stacked on each other 250 times. The patterning step used electron beam
lithography with ion milling. Figure 4-2 shows an atomic force microscopy (AFM)
picture of the sample supplied to us by the Singapore group.
Digital Instruments ManoScope
Scan size 20.00 Im
Scan rate 0.7978 Hz:
Number of samples 256
Im.age Data Height
Data scale 1.400 um
.'view angle
light angle
51
X 5.000 jsw/div 0 deg
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03141411.001
Figure 4-2 AFM picture of a sample with patterned 1 micron cobalt-palladium lines with 2
micron spacing. Sample and AFM measurement supplied by Dr. Tow Chong of the Data Storage
Institute in Singapore.
On the sample received there were two main patterned areas, each one square cm.
One pattern had one-micron wide Co-Pd stripes with two micron spacing and the second
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had 2-micron wide stripes with 4 micron spacing. These two areas were split up and
processed separately. A hysteresis loop was also supplied to by Singapore and is
reproduced in Figure 4-3. The measurement was done on the unpatterned Co-Pd film.
The thickness of this film was limited to 250 nm. This thickness is a little thin and thus
the strength of the magnetic force is limited, due to the second term of the derived
expression for magnetic force in figure 2-3.
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Figure 4-3 Hysteresis loop of unpattemed cobalt-palladium thin film supplied by Dr. Tow Chong
of the Data Storage Institute in Singapore.
4.3 SiO 2 Deposition
For initial trials, the main purpose of the SiO2 layer was purely geometric. It
forms the recesses for our pills to fall into. The magnetic cobalt film at the bottom
provides the magnetic attraction. The quality of the oxide was not a main concern. The
oxide did however need to be relatively thick, about the height of the pill itself (around
5.5 microns). In order to do this, a PLASMATHERM plasma enhanced chemical vapor
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deposition (PECVD) oxide deposition was settled upon. The two main chemical recipes
for deposition involved SiH4 and either oxygen or N20. The first task was to determine
which gas would give a uniform oxide thickness, while providing a reasonable deposition
time.
The trials using mixtures of oxygen and SiH 4 were unsuccessful. The oxide
grown had millimeter diameter white spots. Varying the ratios of oxygen to SiH4 did
affect the size of these spots, however they remained throughout. Using oxygen, white
particles were produced roughening and contaminating the surface. Using N20 removed
most of these problems. Some of the initial growths showed color gratings across the
film, suggesting varying film thicknesses. After a few trials, a uniform recipe was found.
Using 280 sccms of silane and 800 sccms of N20 at around 700 mtorr obtained a rate of
50 nanometers a minute. However, due to the build up of Si0 2 in the chamber during
growth, the operating voltage decreased during deposition. After about 30 minutes of
growth, a bias voltage of about half the starting value was seen. There was a concern that
running for longer than 30 minutes would affect the SiO2 layer, however the deposition
rate was not affected after an hour of growth. The index of refraction did increase but
this was not an issue in the present situation.
A Si substrate can be used as the conducting plate during the deposition. After
placing the sample on such a substrate, deposition can be done until too much oxide has
been deposited. After the build up of Si0 2 becomes too large a new substrate can be
swapped into the chamber, allowing for semi-continuous Si0 2 deposition.
4.4 SiO 2 Patterning and Etch
The patterning of the recesses is similar to that of the pills but without the
complication of the metal films. An array of empty circles is patterned onto the Si
substrate where the recesses will be. The initial mask set has three recesses sizes
(55,65,75microns) and two different periods (125, 250 microns).
This step is quite straight forward, involving a simple photo step. Initially the
Si0 2 etch used was just a simple buffered oxide etch. However, the resulting etch was
not uniform. Some holes would be fully etched to the Si substrate while others weren't
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etched half way. The problem using this uneven etch is that undercutting could not be
controlled. Since geometry is an important part of this assembly process, having 10
microns of variation in recess diameter is not suitable.
Higher concentrations of HF were tried as an SiO2 etch for the recesses. The
undercut problems only got worse and the photo-resist had problems holding up. The
BOE etch would bubble during reaction. The uneven etch seemed to be due to these
bubbles being trapped in the recesses, preventing the etchant from reaching the reaction
surface.
a b
Figure 4-4 (a) The resulting uneven etches from a BOE etch of a 5-micron SiO 2layer. The
clearer areas shows a full etch with considerable undercut, while other recesses are not fully
etched. (b) An etch using a higher HF concentration, but only a greater undercut is seen.
A dry etch was needed to obtain the recesses for the assembly. CF4 was used for
this etch using a Plasmatherm. 15 sccms of CF4 at a pressure of 20 mtorr with 300 watts
of RIE power was used. The etch rate obtained was around 2 microns an hour. The
resulting etch, though not fast, was quite directional and consistent. A typical etch is
shown in Figure 4-5.
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Figure 4-5 The dry etch was used to etch 4 out of 5 microns of SiO 2, using BOE to etch the
remaining micron. The dry etch was very uniform and the undercut seen was mainly due to the
BOE etch. Future runs will try to limit or eliminate any wet etching of the recesses.
4.5 Magnetized Si Substrate Characterization
In order for assembly to work, the patterned magnetic material must be magnetized
out of the substrate plane, as was assumed by the theory in Chapter 2. It has been a
concern this might not be a simple task since. AFM and magnetic force microscopy
(MFM) was performed on one of the patterned samples after it had been magnetized to
see the orientation of the field. The high contrast in the MFM picture, when compared to
the AFM, show that there is a large magnetic interaction due to an out of plane magnetic
field.
4.6 Magnetized Recesses
Once the recipe for the silica deposition had been work out, deposition on the
actually magnetic samples was attempted. Most of the surface of the cobalt palladium
sample was covered with metal. The initial deposition trials where done on silicon
substrates and deposition on a thin metal layer proved to be quite different. A deposition
run was done on one sample coated with cobalt and another with SiO 2. The deposition
thickness on the Si measured a thickness of around 3.7 microns, while the cobalt sample
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measured around 2.5 microns. The SiO 2 was also very rough on the metal sample. The
oxide should be good enough for these studies, but alternative methods of deposition
should be looked at. The main test would be whether the SiO 2 etch will maintain the
same etch properties with the deposited material on the cobalt sample. Due to some time
constraints, problems with the oxide, and the turn around on SiH4 gas, an alternative was
needed. Recesses formed in photo-resist were used on the magnetic samples during
assembly in this initial trial.
0 5.00 pm
Data type Phase
Z range 10.00 0
0
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Figure 4-6 (a) shows the AFM picture of the magnetic substrate. (b) shows the resulting MFM
picture from the same substrate. The MFM pictures have a higher contrast, resulting from an out
of plane magnetic field.
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5Assembly
5.1 Assembly Procedure
Once all of the components have been processed and prepared, assembly can
begin. The set up for MASA is much the same as FSA. Though set ups for FSA can be
quite complex, for this initial work assembly was quite basic. Since the pills were
already stored in DI water, the assembly used water as the medium. The pills slowly
flowed over the surface of the substrate. In order to produce this flow the substrate was
at an angle, allowing gravity to pull the fluid over the substrate. A schematic of this
setup is shown in Figure 5-1.
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Figure 5-1 Schematic of basic assembly.
63
5.2 Assembly Results
There were two assembly trials using this basic fluidic assembly setup. The first
trial did not use magnetic fields as a retaining force. The second assembly included the
magnetic substrate. The goal was to qualitatively see of the value of a magnetic attractive
force in assembly.
5.2.1 Statistical Assembly
Assembly was attempted using pills without Ni and recesses without magnetic
material on the bottom. The pills were collected with water-soluble tape. Water was
then used to dissolve the tape and put the pills in solution. Acetone was added to dissolve
any photo-resist that remained on the pills. This solution was then pored over the recess
substrate.
The substrate had a 75-micron diameter recesses and the pills were 35 microns in
diameter. The recess substrate was at a slight angle, allowing solution to flow down
along the surface of the recesses. The solution that remained on the substrate after
assembly was evaporated. Examining the recesses during and after the trial, only a few
pills were found assembled.
100 0%
Figure 5-2 The recess substrate with one integrated pill. No magnetic film was used in this
assembly.
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A larger yield was expected for the assembly. FSA has been shown to obtain
much better yields then were seen here [7,8,9]. As seen in figure 5-2, there is a large size
difference between the pills and the recesses and this may be the main problem with this
assembly run. The recess does not shelter the pill from the solution flow, once assembled
trapped within the recess. This allows pills to easily flow out of the hole. The sidewalls
of the recesses are also sloped due to a BOE etch after the RIE directional etch. This wet
etch should be eliminated to provide a sharp barrier. The assembly solution should also
be investigated. Using a solution with a smaller viscosity might improve assembly
yields.
5.2.2 Magnetically Assisted Statistical Assembly
Pills with Ni films were also assembled into recesses with magnetic thin films.
The magnetic substrate, as discussed in Chapter 4, had photo-resist recesses. The
assembly set up was the same as the in the non-magnetic case, but due to the resist
recesses some additional restrictions applied. Acetone could not be used in assembly or
else the resist recesses would be removed. However the pills still had a bit of photo-resist
covering the Ni film and this needed to be removed before assembly.
After the pills were obtained, using water-soluble tape dissolved by a DI water
solution, the photo-resist needed to be removed. Acetone was mixed with the water
solution to remove the photo-resist. The Acetone was then evaporated out of solution by
heating to 600 Celsius while sitting in a hood. Once most of the solution had been
removed, assembly could continue. After assembly was complete, it was found there
were many assembled pills. Over a hundred pills had been assembled. Figure 5-3 shows
pictures of the assembled pills after assembly.
The assembly yields found using this technique are not close to 100%; it is a
marked improvement over the previous non-magnetic assembly however. It is still
unclear whether magnetic forces caused this yield discrepancy though. The photo-resist
recesses might have provided a better surface for the pills to stick to. It is clear from
pictures in figure 5-3 that most of the pills still had photo-resist residue on them, which
seemed to promote clumping of the pills. This residue also made it hard to identify
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whether pills were being assembled metal side down, a sign of the magnetic interaction.
These pills were still fixed in place even after turning the sample upside down and
tapping the substrate.
Figure 5-3 Assembly of magnetic pills in magnetic recesses. Photo-resist was used for the
recess material.
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6Conclusions and Future Work
6.1 Project Achievements
This initial study focused mainly on the production of pill devices. Obtaining
heterostructure devices with magnetic material on them proved to be quite challenging. A
procedure was produced that could obtain such devices. Sputtering and ion milling
allowed for many different types of material to be deposited and patterned, making it
easy to change materials used on the pill devices. The heterostructures were etched free
from their native substrates and collected. The Ni films on the pills were protected
throughout the process. Development of recesses in SiO 2 was also done. Deposition
techniques were explored and a dry RIE etch was used to obtain well-defined recesses.
The assembly of pills and recesses had problems, but showed promise. The initial
assembly (which did not use magnetic attraction) assembled only a few pills, though
many were introduced in assembly. When magnetic materials were used over a hundred
pills were assembled. While this was not close to the number of recesses on the
substrate, it was an improvement.
These trials were far from conclusive however. As discussed in Chapter 5, many
questions still remain about the assembly trials. Refinements need to be implemented
before conclusions about MASA can be made.
6.2 Future Work
Further testing needs to occur to show MASA's potential. The different surface
properties of photo-resist and the SiO 2 recesses might have contributed to the assembly
disparity. When SiO 2 recesses are put onto the magnetic substrates, more can be said of
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the magnetic force contributions. Using Si02 recesses also allows more care to be taken
when removing the photo-resist on pills.
It is quite apparent that future work needs to focus on assembly. Some assembly
techniques can have complicated setups involving recirculating pumps and agitation,
however the setup used in this initial study was quite simple. The implementation of
proven FSA setups needs to be looked into, in hopes of higher filled recess yields.
There needs to be more investigation into SiO 2 deposition. Though deposition on
metal is only a transient problem, in order to fully test this integration technique SiO2
deposition must be used. An investigation of different Si0 2 deposition techniques like
sputtering, PECVD, e-beam, and spin on glass should be done to determine the optimal
technique for placing oxide on metal.
Once MASA has been refined, the next step is to integrate on IC. The biggest
obstacle in this procedure is to place patterned hard magnetic material into a five-micron
recess. This requires micron lithography within a 5-micron recess. Also, improvement in
contacts obtained with the Ni metalization need to be made. The metal-semiconductor
contacts shown in Figure 3-18 are far from ideal. In order to produce a viable device, an
ohmic contact will be necessary. Since ion milling was used to pattern the metal, the
procedure is not material specific. Changes to the deposited metal layer to improve
semiconductor contacts can be done without a change in procedure.
There are several processing steps needed in order to integrate these devices into a
silicon IC. An epoxy can be used to fill in the empty space in the holes, fixing the pills in
place. The substrate can then be metalized and the opto-electronic device contacted.
However, this kind of post processing has been done with many other integration
techniques and should not pose a major obstacle. Once MASA becomes a reliable
integration technique and post processing is worked out, fully functional circuits can be
made.
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Appendix A- Processing Recipes
Table A-I Image reversal 1.5 microns
step name machine chemicals Pwr. /speed Temp. C Time
1 Solvent clean Ace,Meth Room 20 sec
,IPA
2 Solvent bake Oven 160-200 30 min.
3 Hmds spin spinner hmDS 4,000 rpms 30 sec
4 Hmds bake oven 130 10 min
5 Image reversal resist spinner AZ 5241 2,000 rpms 30 sec
spin
6 bake oven 90 30 min
7 Pattern exp. Ks -l 8.5 watts 16 sec
8 Post bake Hot plate 105 52 sec
or oven 120 3.2 min
9 Blanket expose Ks-l 8.5 watts 2.7 min
10 develope Az 422 2 min
Table A-2 Positive Thick photo-resist 8 microns
step name machine chemicals Pwr. /speed Temp. C Time
1 Solvent clean Ace,Meth Room 20 sec
,IPA
2 Solvent bake Oven 150-200 30 min.
3 Hmds spin spinner hmds 4,000 rpms 30 sec
4 Hmds bake oven 130 10 min
5 Thick resist spinner AZ p4 6 2 0  1,500 rpms 10 sec
spin 3,000 rpms 60 sec
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5,000 rpms 10 sec
6 bake oven 90 60 min
7 Pattern exp. Ks -l 8 watts 24 sec
8 develope AZ 440 3 min
9 Post bake oven 90 30 min
Table A-3 Positive photo-resist 1 micron
step name machine chemicals Pwr. /speed Temp. C Time
1 Solvent clean AceMeth Room 20 sec
,IPA
2 Solvent bake Oven 160-220 30 min.
3 Hmds spin spinner hmds 4,000 rpms 30 sec
4 Hmds bake oven 130 10 min
5 positive resist spinner OCG 825- 3,000 rpms 30 sec
spin 20
6 bake oven 90 20 min
7 Pattern exp. Ks -l 8.5 watts 4.5 sec
8 develope 934 1.5 min
9 Post bake oven 120 30 min
Dry etches
Table A-4 BCL3 dry etch
step name machine chemicals Pwr. /speed Temp. C Time
1 Pump down plasmatherm room
2 GaAs etch plasmatherm BCL3 250 watts room 45 min
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3 evacuate plasmatherm room
4 purge plasmatherm nitrogen room
5 evacuate plasmatherm room
6 purge plasmatherm nitrogen room
7 evacuate plasmatherm room
8 purge plasmatherm nitrogen room
Table A-5 CF 4 dry etch
step name machine chemicals Pwr. /speed Temp. C Time
1 Pump down plasmatherm room
2 GaAs etch plasmatherm CF4 250 watts room 45 min
3 evacuate plasmatherm room
4 purge plasmatherm nitrogen room
5 evacuate plasmatherm room
6 purge plasmatherm nitrogen room
7 evacuate plasmatherm room
8 purge plasmatherm nitrogen room
Table A-6 SiO2 deposition
step name machine chemicals Pwr. /speed Temp. C Time
1 Pump down plasmatherm room
2 GaAs etch plasmatherm CF4 250 watts room 45 min
3 evacuate plasmatherm room
4 purge plasmatherm nitrogen room
5 evacuate plasmatherm room
6 purge plasmatherm nitrogen room
7 evacuate plasmatherm room
8 purge plasmatherm nitrogen room
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Wet etches
Table A-7 GaAs wet etch
chemistry stirring
10:1:1 Water:H202:H2PO4 600 rpms
Temp. rate
room .4 p/min
Table A-8 AlAs wet etch
chemistry stirring Temp. time
7:3 Water:HF none room 1 hour
Table A-9 Ni wet etch
chemistry stirring Temp. time
Ni etchant 600 rpms room 10 min
Table A- 10 Gold
chemistry stirring Temp. time
GE-8148 room 3 min
Sputtering
Table A-Il Ni 15 nm/min
step name machine
1 Pump down sputterer
Gas scems Power Temp. C Time
roomF I
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2 Target clean sputterer Argon 50 300 watts room 5 min
3 deposition sputterer Argon 50 300 watts room 20 min
Table A-12 Au 25 nm/min
step name machine Gas (sccms) Power Temp. C Time
1 Pump down sputterer room
2 Target clean sputterer Argon (50) 250 watts room 5 min
3 deposition sputterer Argon (50) 250 watts room 10 min
Table A- 13 Ion Milling 12 nm/min
step name machine Gas (sccms) Power Temp. C Time
1 Pump down sputterer room
2 etch sputterer Argon (50) 150 watts room 25 min
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